INTRODUCTION {#sec01}
============

Catfish (*Silurus asotus*) belongs to Siluriformes, family of Siluridae, and Genus *Silurus*, and there are one genus and two species such as catfish and *Silurus microdorsalis*, etc. inhabiting in Korea. It is known that there are about 12 genera and 100 species of catfish inhabiting around the world. It is distributed mainly in rivers and lakes such as Japan, Taiwan and China including Korea (Kim & Lee, 1993; [@B7]).

Catfish is one of the most representative varieties of domestic catfish, along with channel catfish *Ictalurus punctatus*, and it has a taste better than channel catfish, attracting consumers\' attention with Maeuntang-stew and steamed catfish dishes. Especially, it is possible to breed high density, and to induce rapid growth by feeding compound feed, and many forms of farming are being made in Korea ([@B15]).

A number of studies over catfish were conducted in terms of sperm microstructure ([@B9]), gynogenesis diploid induction ([@B2]), domestic catfish epithelium ([@B15]), and Pathological changes ([@B8]), etc. However, there is a lack of data on egg development and larvae morphological development in catfish inhabiting in Korea.

The data for the early development of catfish are briefly described in aquaculture publications published by national and provincial research institutes, but it is true that no specific research data have been established.

Therefore, in this study, we attempted to observe the egg development and larvae morphological development of Korean catfish and find a genetic relationship with the same Siluriformes fish in Korea, to preparetaxonomic study data and utilize it as a basic data for aquaculture and seed production.

MATERIALS AND METHODS {#sec02}
=====================

1. Broodstork fish management {#sec02-01}
-----------------------------

The broodstork fish used in this study was caught in the Wicheon stream located in Bian-myeon, Uiseong-gun, Gyeongbuk Province between May and June 2016, and transported it to the laboratory, where it was hydroponically raised in a 6m diameter round water tank of PVC (Polyvinyl chloride). The water temperature ranged from 23.0 to 25.0℃ (mean 24.0±1.0℃). The breeding water was recovered more than 50% once a day, and the dry feed (Dry feed, Jeilfeed Korea) was supplied twice a day.

2. Egg-stripping {#sec02-02}
----------------

For egg-stripping, the females selected were 30.5-43.3 (mean 36.9±9.05, n=3) cm in abdomen smooth and bloated, and the circumference of reproductive tract was red. To induce artificial maturation, 10,000 IU of human chorionic gonadotropin (HCG) was injected into the dorsal muscle area, and then harvested 24 hours later by abdominal compression. The males selected were 29.8-30.3 (mean 30.0±0.35, n=3) cm in total length and the genitalia were distinct. The testis was extracted through abdominal incision with MS-222 (Tricaine methane sulfonate; Sindel Co., Canada) after anesthesia. The extracted testis was diluted in physiological saline (NaCl 0.9%) and artificially fertilized with the eggs.

3. Egg development process and larvae morphological development {#sec02-03}
---------------------------------------------------------------

30 embryos were selected and placed in a 500 mL glass beaker. Breeding water temperature was the same as the mother control temperature and the aeration was weakened to supply oxygen. Egg morphology was observed and sketched using a phase contrast microscope (LEICA EZ4 HD, Germany) to observe the egg development process. And the size of the egg was measured to 0.01 mm using a universal projector (Nikon JP V-12B, Japan).

As for larvae morphology development, five larvae were selected daily from day 0 after hatching until day 12 after hatching to reach a juvenile stage, and were measured up to 0.01 mm using a universal projector. Then, morphological features were observed using a stereomicroscope and then sketched.

The developmental process of larvae was classified according to Kendall et al. (1984). We did not feed the larvae during the egg yolk absorption period from 0 day after hatching to 3 day after hatching. At the time of egg yolk absorption ending from the 3rd day after hatching to the 12th day after hatching, we supplied *Artemia* sp. Nauplius to 2-3 individuals per ml. three times per day. The compound feed was fed six times daily from day 12 after hatching. Larvae were screened once a week according to the size to prevent cannibalism during the growth process.

RESULTS {#sec03}
=======

1. Size and characteristics of eggs {#sec03-01}
-----------------------------------

The embryos of the catfish were globular sinking cohesive eggs, surrounded by a mucosal mass on the surface, and the size of the eggs ranged from 1.62 to 1.70 mm (mean 1.66±0.05, n=30).

2. Egg development process {#sec03-02}
--------------------------

Immediately after fertilization, the eggs began to absorb water ([Fig. 1A](#F1){ref-type="fig"}), the blastula was formed 10 min after fertilization ([Fig. 1B](#F1){ref-type="fig"}), and an hour after fertilization, it reached the two cell stage ([Fig. 1C](#F1){ref-type="fig"}). At 2 hours and 15 minutes after fertilization, it reached the 4-cell stage ([Fig. 1D](#F1){ref-type="fig"}) and reached the 8-cell stage at 2 hours and 40 minutes after fertilization ([Fig. 1E](#F1){ref-type="fig"}).

At 4 hours and 20 minutes after fertilization, it reached the 16-cell stage ([Fig. 1F](#F1){ref-type="fig"}), and at 5 hours after fertilization reached the 32 cell stage ([Fig. 1G](#F1){ref-type="fig"}). At 4 hours and 50 minutes after fertilization, it reached the 64 cell stage ([Fig. 1H](#F1){ref-type="fig"}). 6 hours and 30 minutes after fertilization, it reached the morula stage ([Fig. 1I](#F1){ref-type="fig"}), and at 7 hours and 50 minutes after fertilization, it reached the blastula stage with covering egg yolk and falling ([Fig. 1J](#F1){ref-type="fig"}). At 11 hours and 50 minutes after fertilization, the yolk was completely covered to form an embryo ([Fig. 1K](#F1){ref-type="fig"}), and at 14 hours and 20 minutes after fertilization, an egg was formed in the upper part of the egg yolk ([Fig. 1L](#F1){ref-type="fig"}). At 17 hours and 20 minutes after fertilization, the head was developed in the embryo and Kuffer\'s vesicle was formed at the tip of the tail ([Fig. 1M](#F1){ref-type="fig"}).

Kuffer\'s vesicles disappeared at 22 hours and 20 minutes after fertilization, and 15-17 incisions were formed ([Fig. 1N](#F1){ref-type="fig"}). At 34 hours and 20 minutes after the fertilization, the tail was formed with fins and the length was elongated and separated from the egg yolk. The movement of the embryo began to increase, and the heart was formed in front of the egg yolk ([Fig. 1O](#F1){ref-type="fig"}).

At 54 hours and 40 minutes after fertilization, the embryo began to rotate clockwise, and the number of revolutions per minute was 1 to 2 revolutions per minute. The mouth was formed in the head but not completely opened, and the brain was differentiated, and hatching started from the tail through the egg membrane ([Fig. 1P](#F1){ref-type="fig"}). At the 60th hour after fertilization, more than 50% of the total fertilization was completed, and the fertilization of all eggs was completed at 63 hours after fertilization.

![Egg development of far eastern catfish, *Silurus asotus*.\
A: Fertilized egg; B: Blastodisc formed, 10 min post-fertilization (PF); C: 2cells, 1 hour post-fertilization (hPF); D: 4cells, 2 hPF 15 min; E: 8cells, 2 hPF 40 min; F: 16cells, 4 hPF 20 min; G: 32cells, 5 hPF; H: 64cells, 5 hPF 50 min; I: Morula stage, 6 hPF 30 min; J: Blastula stage, 7 hPF 50min; K: Gastrula stage, 11 hPF 50 min; L: Formation of embryo, 14 hPF 20 min; M: Disappear of Kuffer\'s vesicle, 17 hPF 20 min; N: Number of myotomes 15\~17, 22 hPF 20 min; O: Heart beating, 34 hPF 20 min; P: Just before hatching, 54 hPF 40 min. Scale bar=1.0 mm.](dr-21-4-399-g1){#F1}

3. Larvae morphological development {#sec03-03}
-----------------------------------

### 1) Larvae at the early stage {#sec03-03-01}

The process of morphological development of catfish larvae is shown in [Fig. 2.](#F2){ref-type="fig"} Immediately after hatching, the larval fish at the early stage had a total length of 3.60-3.65 mm (mean 3.62±0.03, n=5). It had an egg yolk, and an anal was formed but it was not fully opened. The dorsal fin continued from the back of the head to the tip of the yolk of the lower abdomen. The hatched larval fish did not have swimming ability but the tail part was active and there were no development in the lens or pupil of eyes ([Fig. 2A](#F2){ref-type="fig"}).

The larval fish at the early stage on the first day after hatching was 3.84-3.55 mm (mean 3.69±0.20) in total length. Short protrusions formed around the mouth were elongated and developed into two pairs of whiskers, and pigmentation was deposited in the eyes. The mouth began to open gradually, the anus was fully open, and the egg yolk was not fully absorbed. Black vesicles were deposited with small branches of black vesicles in the upper part of the head, upper part of the egg yolk, and back to the tail end. The fins were membranous and divided on the anus ([Fig. 2B](#F2){ref-type="fig"}).

### 2) Larval fish at the medium stage {#sec03-03-02}

On the third day after hatching, the larval fish at the medium stage was 8.00-8.65 mm (mean 8.32±0.45). The two pairs of whiskers formed around the mouth were elongated, and the egg yolk was mostly absorbed and they began to eat food. The position of the dorsal fin was the same in the back and lower part, and the pectoral fins were formed in a round shape. The tip of the tail started to bend at 45° and the stem began to develop in the dorsal fin. The larval fish began to swim up and down the wall of the tank, and the opening and closing mouth movements were observed ([Fig. 2C](#F2){ref-type="fig"}).

### 3) Larval fish at the later stage {#sec03-03-03}

On the 6th day after hatching, the larval fish at the later stage was 14.5-15.6 mm (mean 15.0±0.77) in total length and two stems were formed in dorsal fin. The number of fins formed in each part was 6 pectoral fins, 14 caudal fins, 55-60 anal fins, and the pelvic fins were membrane ([Fig. 2D](#F2){ref-type="fig"}).

### 4) Larval fish at the juvenile stage {#sec03-03-04}

On the 12th day after hatching, the larval fish at the juvenile stage was 16.5-17.0 mm (mean 16.7±0.35), and the lens was differentiated in the eyes. The number of stems of each part of fins increased to 4-5 dorsal fins and 71-83 anal fins, reaching the integer (fixed number). During this period, small spots of black vesicles were deposited throughout the body, and external morphological features were similar to those of the mother fish. As juvenile diets increased, individual differences in size began to appear, leading to the formation of large populations eating small individuals ([Fig. 2E](#F2){ref-type="fig"}).

![Morphological development of preflextion and flextion and postflextion and juveniles of far eastern catfish, *Silurus asotus*.\
A: Newly hatched larvae, mean 3.62 mm TL (total length); B: 1 days after hatching (dAH), mean 3.69 mm C: 3 dAH, mean 8.32 mm D: 6 dAH, mean 15.0 mm E: 12 dAH, mean 16.7 mm. Scale bars=1.0 mm.](dr-21-4-399-g2){#F2}

DISCUSSION {#sec04}
==========

The individual development of fish repeatedly indicates the characteristics of the system. Studies on the early life history of fish have included morphological and ecological characteristics of eggs, and the inherent traits and developmental characteristics of the fish species that occur during embryo genesis and early growth process. In addition, studies on the early life history, such as egg development and larvae development, can be important basic data for studying the genetic relationship between similar species ([@B14]; [@B1]; Kim et al., 2014).

Catfish spawning season is known to be mainly from late spring to early summer, and the case of being cultured for seed production is mainly harvested between April and May (Kwon et al., 1996). When wild catfish were caught, the maturation period was observed from April to June, and the cultured catfish and egg laying period were found to be similar.

In spawning places, there are relatively slow water flow and sands and gravel on the floor. Males are known to use the tail and trunk to wrap a female whose abdomen is bloated and then to lay eggs and fertilize it at the same time. Whereas the eggs of channel catfish that is the same Siluriformes fish, are collected and hatched artificially when the eggs are scattered in the hiding place after females and males have spawned, the catfish differed from channel catfish in egg-stripping with artificial maturation using hormones for planned seed production and wild egg-based embryos. The egg-stripping method for the Siluriformes fish was shown in *Pseudobagrus fulvidraco* ([@B4]), *Leiocassis ussuriensis* ([@B12]) and *L. longirostris* ([@B10]).

The embryos of catfish were spherical sediments and the mean diameter was 1.66±0.05 mm. In comparison with the same species of Siluriformes, it was smaller than the mean diameter of *Liobagrus mediadiposalis*([@B1]) of 3.27 mm, *L. obesus*([@B13]) of 3.30 mm, *L. ussuriensis* ([@B12]) of 2.36±0.11 mm and *P. koreanus*([@B3]) of 2.59±0.08 mm, and it was larger than that of *P. fulvidraco* ([@B4]) with a mean egg diameter of 1.70±0.08 mm and *P. brevicorpus* ([@B5]) with a mean egg diameter of 1.99 mm.

In case of the catfish, the time required for hatching was 54 hours and 40 minutes when the average water temperature was 24.0±1.0℃. The same Siluriformes fish, *L. ussuriensis* ([@B12]) took 73 hours and 10 minutes when the average water temperature was 25.0±0.05℃. *P. fulvidraco* ([@B4]) took 53 hours at a water temperature of 25.0℃, *P. koreanus*([@B3]) took 72 hours at a water temperature of 21.0-23.0℃, and *P. brevicorpus* ([@B5]) took 50 hours at a water temperature of 24.0℃. *L. mediadiposalis* ([@B1]) took 189 hours and 20 minutes at a temperature of 22.5℃, and *L. obesus* ([@B13]) took 225 hours and 15 minutes at a temperature of 22.8℃. There was a tendency that the higher the water temperature, the shorter, the time required for hatching of Siluriformes fish. The catfish took longer time for hatching than *P. brevicorpus* and showed the shortest hatching time than any other breeds except for *P. brevicorpus.*

Comparing the total length of the larval fish immediately after hatching, the average length of the catfish was 3.62±0.03 mm. The total length of *L. ussuriensis* ([@B12]), which belongs to the same Siluriformes fish, was 6.40±0.06 mm with *P. fulvidraco* ([@B4]) 4.20-4.30 mm, *P. koreanus*([@B3]) 5.41-6.01 mm, *P. brevicorpus* ([@B5]) 5.90 mm, *L. mediadiposalis* ([@B1]) 7.31 mm, and *L. obesus*([@B13]) 7.66 mm. And it was shorter than these, and was found to be the shortest among those compared genetic species.

Compared with the migration period to the juvenile stage, the mean length of catfish was 16.7±0.35 mm on the 12th day after hatching, The mean total length of *L. ussuriensis* ([@B12]), the same Siluriformes fish was 25.2± 0.71 mm on the 29th day after hatching, and when the size of *P. fulvidraco* ([@B4]) was 21.6-24.0 mm on the 21st day after hatching, it migrated. It migrated on the 8th day after hatching of *P. brevicorpus* ([@B5]) when the size was larger than 8.60 mm. The size of *P. koreanus* ([@B3]) was 14.6-16.0 mm in length on the 14th day after hatching, the mean length of *L. obesus* ([@B13]) was 16.3 mm on the 24th day after hatching, and the mean length of *L. mediadiposalis*([@B1]) was 16.3 mm on the 35th day after hatching, demonstrating a difference according to the period. However, when their size was similar to that of the catfish, they migrated to the juvenile stage ([Table 1](#T1){ref-type="table"}).

###### Comparison of characteristics of eggs and larvae in the Siluriformes fish

  Species                      Eggdiameter(mm, mean±SD)   Time of hatching(^\*^WT)   Hatching larvae size(mm, mean±SD)   Juvenile size(mm, mean±SD)   References
  ---------------------------- -------------------------- -------------------------- ----------------------------------- ---------------------------- ---------------
  *Silurus asotus*             1.66±0.05(1.62-1.70)       54 h 40 mins(23.0-25.0℃)   3.62±0.03(3.60-3.65)                16.7±0.35(16.5-17.0)         Present study
  1.54±0.111.47-1.61           --                         --                         --                                  [@B11]                       
  *Leiocassis ussuriensis*     2.36±0.11(2.20-2.50)       73 h 10 mins(24.5-26.5℃)   6.40±0.06(6.33-6.50)                25.2±0.71(24.3-26.2)         [@B12]
  *Pseudobagrus fulvidraco*    1.70±0.08(1.60-1.80)       53 h(25.0℃)                (4.20-4.30)                         (21.6-24.0)                  [@B4]
  *Pseudobagrus brevicorpus*   1.99                       50 h(24.0℃)                5.90±0.20                           8.60±0.50                    [@B5]
  *Pseudobagrus koreanus*      2.59±0.08(2.45-2.70)       72 h(21.0-23.0℃)           (5.41-6.01)                         (14.6-16.0)                  [@B3]
  *Liobagrus mediadiposalis*   3.27(2.85-3.73)            189 h 20 mins(22.5℃)       7.31(7.18-7.39)                     16.3                         [@B1]
  *Liobagrus obesus*           3.30(2.95-3.92)            225 h 15 mins(22.8℃)       7.66(7.30-7.90)                     16.3                         [@B13]

^\*^WT : water temperature

Siluriformes fish are similar in morphology at the larval stage, and have difficulties in classifying early larvae because whiskers are commonly formed in the vicinity of mouth. In the catfish, two pairs of whiskers were formed on the 6th day after hatching, and four pairs of whiskers were formed on the 15th day after hatching in *L. ussuriensis* ([@B12]), which is the same Siluriformes fish. Three pairs of whiskers were formed on the 7th day after hatching in *P. fulvidraco* ([@B4]). Whiskers were formed on the 5th day after hatching in *P. koreanus* ([@B3]), and whiskers were formed on the 4th day after hatching in *P. brevicorpus*([@B5]). Four pairs of whiskers were formed immediately after hatching in *L. mediadiposalis* ([@B1]) and *L. obesus* ([@B13]). Whiskers were formed most rapidly in *P. brevicorpus* among the Siluriformes fish. Whiskers were formed the latest in *L. ussuriensis*, demonstrating a difference in periods of forming mouth whiskers among species ([Table 2](#T2){ref-type="table"}). *P. fulvidraco* family fish has been attracting much taxonomical attention as it shows various characteristics such as spawning behavior characteristics, number of hatching days, external shape and skeletal trait. Despite the different genus, as it has been reported that the surface structure of the egg membrane and the movement status of the egg yolk are similar ([@B3]), it is necessary to review the taxonomic differences of the Siluriformes fish in the future.

###### Comparison of characters of the barbel number in the Siluriformes fish
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